odours that are attractive to insect pollen vectors (Meeuse and Raskin, 1988). Some species are able to raise inflorInflorescences of the neotropical arum lily, escence temperature as much as 35°C above the temperPhilodendron selloum, are strongly thermogenic for ature of the air, and consume oxygen at prodigious rates 2 d during anthesis. Continuous measurements of (Seymour, 1997; Seymour and Schultze-Motel, 1997). A spadix temperature (T s ) and rate of oxygen consumpfew species are extraordinary because they regulate tion (V O 2 ) were made outdoors in whole inflorescences inflorescence temperature by varying the rate of heat attached to the plants. Some inflorescences were production inversely with ambient air temperature. exposed to uncontrolled ambient temperature (T a ) The first documented thermoregulating plant was the while others were enclosed in clear water-jackets arum lily, Philodendron selloum, a native of Brazil (Nagy that produced nearly constant ambient conditions. et al., 1972). This study involved measuring temperature A repeatable, diphasic pattern of heat production and rate of oxygen consumption of the spadix after it appeared, most clearly in water-jacketed infloreshad been cut from the plant and placed into a cabinet at cences, and it comprised a short peak phase at sunset selected ambient temperatures. Maximum spadix temperfollowed by a plateau phase that lasted until the followatures varied little (38-46°C ) within a broad ambient ing sunset. Regulation of T s occurred in both phases, temperature range (4-39°C ). However, each severed but at different levels. Peak phase T s was regulated in spadix produced only one intense thermogenic episode the region of 38-42 ?C, but plateau phase T s was usuthat ended in less than 2 h and never achieved steadyally in the range of 25-36 ?C. Both V O 2 and total heat state. A subsequent study showed that thermogenesis by produced throughout anthesis increased at lower T a . intact (uncut) inflorescences lasted almost 2 d and was The data imply that the short peak phase is related to characterized by two episodes of heating-the first prothe enhancement of odour production that attracts a duced a large temperature elevation that was associated single species of large scarabaeid beetle in its native with receptivity of female (pistillate) florets at the base Brazil, and regulation of maximum T s may prevent overof the spadix, and the second produced a smaller elevation heating. Thermoregulation in the long plateau phase that occurred before pollen was shed from male (staminproduces equable temperatures inside the infloresate) florets at the top (Seymour et al., 1983) . However, cence that may facilitate the resident beetles' activitneither study included measurements of oxygen consumpies as a direct energetic reward.
Introduction cences attached to the plant. The inflorescences of several species of the arum lily Thermoregulation is mediated by small changes in temperature of the sterile male florets on the spadix family (Araceae) warm up during anthesis and volatilize by Seymour and Schultze-Motel (1998) . In each channel, (Seymour et al., 1983) . Rising ambient temperature atmospheric air was continuously drawn by an individual pump reduces the rate of heat loss, causing spadix temperature through a plastic hood that covered the inflorescence (spathe to increase. An inverse relationship between respiration and spadix) and through a mass flow meter at about and temperature in the sterile male florets causes heat 400 ml min−1. A separate pump sampled each channel in turn, and diverted the sample into a paramagnetic oxygen analyser.
production to decrease steeply with small rises in spadix Temperatures were measured with PVC-coated thermocouples temperature. Conversely, when ambient temperature in the core of the spadix (T s ), at the level of the sterile male decreases, inflorescence temperature declines slightly and florets, and in the ambient air (T a ) outside of the spathe but heat-production rises. The effect of changes in ambient inside the hood. Barometric pressure and instrument tempertemperature are not immediate, however; it requires atures were also measured. Output signals from the flowmeters, oxygen analyser and thermocouples were recorded every 2 min periods of up to 2 h for the florets to recover from throughout the flowering sequence. However, V O 2 was calculated exposure to high floret temperature (Seymour et al., every 24 min, because the system cycled through four respirome-1983), and presumably even longer to respond fully from try channels (three inflorescences and one empty reference) at a change in ambient temperature, because of thermal 6 min intervals during this period. The respirometry calculations and their assumptions are published (Seymour and Schultze- inertia of the~150 g spadix. Slow regulatory responses Motel, 1998) .
to ambient temperature change are a characteristic of
All of the inflorescences were shaded by vegetation and other thermoregulatory flowers, for example, Eastern umbrellas to avoid heating by the sun. Ambient temperature skunk cabbage Symplocarpus foetidus ( Knutson, 1979;  was not controlled in most cases, but six inflorescences were surrounded by a water-jacket that consisted of a double-walled Seymour and Blaylock, unpublished data) 1996 , 1998 Seymour et al., 1998) . Because the responses described elsewhere (Seymour et al., 1998) . The water bath was of P. selloum inflorescences lag behind changes in ambient set at 25°C, but the temperature inside the jacket was slightly temperature, the pattern of warming witnessed in outdoor affected by spadix heating. Total energy expenditure over the course of anthesis was plants may be influenced not only by changes in ambient measured in two ways, as integrated temperature excess in temperature over time, but also by their thermal history.
degree-days (°Cd ), and as total heat produced in Joules (J ).
In an attempt to eliminate these effects, this study also an estimate of total energy expenditure throughout anthby 20.4 J ml−1 (the heat equivalence of oxygen consumption in esis. This was attempted previously by integrating the P. selloum; Seymour et al., 1983) .
temperature elevation throughout the period and estimatStatistics involved calculation of 95% confidence intervals (CI ) around means, model 1 least square regressions, and twoing total heat lost (Seymour et al., 1983) . The result was tailed t-tests, assuming unequal variance. that the sterile male florets, which produce most of the heat, expended a total of about 5.5 kJ g−1. This estimate was the only one possible at the time, but it was of Results questionable validity because (1) it applied only to the Patterns of heating sterile male florets, not the entire inflorescence, (2) it was based on a set of unverified assumptions, mostly relating
The complete flowering sequence in P. selloum has been to thermal conductance, and (3) it was derived from described as occurring over 4 d (Seymour et al., 1983; Gottsberger and Amaral, 1984) , and the present analysis temperatures of outdoor plants under uncontrolled ambiuses the same definitions of days. On day 1, the spathe ent conditions. This study approaches the measurement loosens, but does not open, and heat production is so more directly.
low that spadix temperature (T s ) rises only a few degrees above ambient air temperature (T a ). On day 2, the spathe opens widely and warming increases greatly to a max-
Materials and methods
imum in the early evening. On day 3, heat production remains moderate and the spathe closes in the afternoon.
Specimens of Philodendron selloum were studied in gardens in
In that evening, the spathe reopens partially and heating suburban Adelaide, South Australia, during three flowering begins to decline. During the night between days 3-4, the seasons, in December and January 1995 to 1998. [Note: P. selloum is been synonymous with P. bipinnatifidum according spathe once again closes around the spadix, and heating to Mayo (1991) , but the two are thought to be clearly distinct virtually ceases.
by Gottsberger and Amaral (1984) , because of marked Temperature data for each inflorescence were quantified differences in morphology, pattern of heating, and insect according to a uniform protocol that identified six points visitors.] during the thermogenic episode ( Fig. 1) : The beginning Rates of oxygen consumption (V O 2 ) were measured with a four-channel, open-flow respirometry system described in detail of the episode was considered to be the onset of an abrupt Times of peak V O 2 and peak T s did not differ significantly. Similarly, elevations of T s during the plateau phase were closely matched by V O 2 elevation. Although the period between points 1 and 6 was considered to be the entire thermogenic episode, small elevations in V O 2 were evident before it, and, to a lesser extent, after it; these rates were considered 'basal' ( Table 1 ). The origin of this consumption is not known, but it is likely to be sum of respiration by the developing spadix and spathe, as well as photosynthesis in the green outside surface of the spathe. Peak V O 2 was about 11 times higher than mean basal, and plateau V O 2 about 4.7 times higher. In general, the responses of water-jacketed and hooded inflorescences were similar, but there were some quan- differences between the two groups ( Table 1 ). Mean T s and plateau T s were significantly higher in water-jacketed rise in T s above the previously prevailing level (point 1). inflorescences. Basal V O 2 was higher in the water-jacketed The next definitive point was the 'peak' T s (2). After a ones because T s was higher before and after the thermogsevere dip in T s (3), it regained a second crest that marked enic episode. On the other hand, net oxygen consumed the beginning of the 'plateau' phase (4). This phase ended (and net heat produced) during the episode was higher when T s began a precipitous drop (5), and the entire in the hooded inflorescences because they required more episode ended when T s approached T a (6). The times of heat to maintain T s at prevailing lower T a . Total oxygen each of these points are provided in Table 1 as Central consumed during the episode was not significantly difAustralian summer times. Sunrise was between 05:55 h ferent in the two groups, partly because of opposite and 06:34 h and sunset was between 20:15 h and 20:34 h. effects of T a on basal and thermogenic respiratory rates. For the six water-jacketed inflorescences, the pattern Apparently a difference in mean T a of only 3.8°C was of heating was remarkably similar ( Fig. 1 ). Heating began also insufficient to produce significant differences in either between 07:35 h and 11:12 h on day 2, eventually reaching peak T s or peak V O 2 in the two groups, although the a peak T s of 41:4±1.8°C between 19:49 h and 20:40 h. means differed in the expected directions. Then a period of rapid cooling occurred on the morning of day 3, with the flowers reaching a minimum T s of Effects of ambient temperature 30.2±1.4°C between 23:31 h and 02:20 h, before warming to a plateau beginning between 01:09 h and 09:32 h. This Data for peak T s were not significantly different from plateau remained relatively constant at 34.2±0.2°C, those obtained earlier (Seymour et al., 1983) , so they throughout day 3, although most inflorescences showed were combined ( Fig. 3, top ). Peak T s appeared to decrease slow oscillations in T s during this period. The infloresslightly at lower T a in 39 inflorescences, but the regression cences started to cool between 13:19 h and 20:58 h in the equation (T s =0.190T a +35.4) had a non-significant slope evening of day 3 and approached T a between 01:49 h and (r2=0.08). However, two points were outliers, with 08:17 h on day 4. It was possible to discern points 1, 2, unusually low peak T s values. One of these was associated 3, and 6 in hooded inflorescences ( Table 1) . Although with low V O 2 , suggesting an abnormal, but valid, result, hooded ones started heating a little earlier, the timing of and the other had normal V O 2 , suggesting that the thermothe peak and dip, and the total duration of the thermogcouple may have been displaced by the opening spathe. enic period did not differ significantly. Because of variable When these points were removed, the regression became T a in hooded inflorescences, the limits of the plateau T s =0.145T a +36.9, with a significant slope (r2=0.11). phase were not clear. The timing of these events corre-V O 2 at peak T s was quite variable, but tended to increase sponded reasonably well to those of pattern I infloresat lower T a , with a significant regression of cences of Seymour et al. (1983) ; pattern II was never V O 2 =−0.488T a +26.54 (r2=0.15) (Fig. 3, bottom) . evident.
It was difficult to determine the starting and ending times of the plateau phase in hooded inflorescences, Patterns of respiration because of variation in T a . Therefore the period observed in water-jacketed inflorescences (04:49 h-17:04 h) was Rates of oxygen consumption (V O 2 ) reflected the pattern of warming in water-jacketed inflorescences ( Fig. 2) .
applied to the hooded ones to analyse the effect of T a on between T s and T a increased at lower T a . The relationship was linear in the region involving four or more plants (T s =0.516T a +19.1; r2=0.99). V O 2 increased as T a decreased, apparently reaching a maximum of about 8 ml min−1 when T a was 15°C. An individual inflorescence that happened to bloom during a cool period inexplicably showed lower T s and V O 2 than predicted by the other data (single low points on Fig. 4) . When V O 2 was plotted against T s within the plateau phase of hooded inflorescences, an inverse relationship appeared ( Fig. 5) . Maximum V O 2 occurred when T s was about 28°C and it decreased as T s approached 40°C. For all 27 inflorescences that provided complete temper- integrated, yielding an index of total heat that averaged 12.8±2.0°Cd ( Table 1) . No significant difference in total T s and V O 2 . To summarize the data, values for T s and integrated temperature difference was found between V O 2 were collected in 2°C T a intervals (e.g., 12.1-14.0°C ) water-jacketed and hooded inflorescences. The total and individual means calculated for each of 21 hooded energy liberation (H tot ) for all inflorescences averaged inflorescences. Grand means of these independent samples 294±28 kJ and the net heat produced (H net =H tot −H mean basal ) was 222±24 kJ ( Table 1 ). There was a relationship are presented in Fig. 4 . In the plateau phase, the difference between H net and mean T a over the entire heating episodes ( Fig. 6 ). The regression equation was H net = −11.122T a +480.8 (r2=0.35), and the line extrapolated to zero heat production at T a =43.2°C. There was also a significant inverse relationship between H tot and mean T a .
Fig. 3. Effects of ambient temperature on spadix temperature (top) and
Masses of the parts of 22 inflorescences are given oxygen consumption rate (bottom) at the peak temperature elevation in 
Discussion

Temperature regulation in the peak and plateau phases
This study shows that there are two phases of thermogenesis in P. selloum and that temperature regulation exists at two distinct levels. Peak T s is regulated in the region of 38-42°C ( Fig. 3) , but plateau phase T s is usually in the range of 25-36°C (Fig. 4 ). High T s in the peak phase is usually a single spike lasting only 2-3 h, while plateau T s oscillates around a mean for about 12 h (Fig. 1) . Thus the peak represents only regulation of maximum T s , while the plateau phase demonstrates true regulation around a mean. Fig. 4 . Effects of ambient temperature on spadix temperature (top) and Fig. 6 . Effect of mean ambient temperature on the net amount of heat oxygen consumption rate (bottom) during the plateau phase in hooded released during the entire episode of thermogenesis. Heat production inflorescences outdoors. Grand means and 95% confidence intervals are has been calculated from oxygen consumption (20.43 kJ l−1), and mean given for data collated in 2°C intervals of T a . The number of individual basal heat production has been subtracted from total heat production inflorescences is indicated above each symbol. The dashed line is to yield net heat production. Each point represents an individual isothermal.
inflorescence and the solid line is a linear regression. It is tempting to speculate that the oscillations in T s in directly, however. Respiration rate depends immediately the plateau phase may be similar to those of an engineered on changes in T s , which in turn depends on T a (Nagy et thermoregulatory system in which heat production is not al. , 1972; Seymour et al., 1983) . The V O 2 during the proportional to the difference between current temperplateau phase decreased with rising T s ( Fig. 5) , as it does ature and the set-point. In such a system, temperature in the peak phase (Seymour et al., 1983) , but the plateau may approach the set-point, over-shoot it because of data were offset toward the lower left compared to the thermal inertia, change direction and under-shoot, and peak phase. Maximal V O 2 occurred at a T s of 28°C in so on, with the amplitude of oscillations gradually the plateau phase ( Fig. 5 ), but it is near 37°C in the peak decreasing. Several inflorescences appeared to do this phase (Seymour et al., 1983) . The biochemical mechanism (Fig. 1) . After the peak phase of intense heat production, behind the thermal inhibition is not known, but is prob-T s was considerably above the set-point, and heat producably related to changes in activity of the alternative tion was inhibited to such an extent that T s dropped well oxidase (Seymour et al., 1983) . Whatever the mechanism, below the set-point and then recovered. Such over-and the shift in set-points between the peak and plateau under-shooting of flower temperature was also apparent phases clearly indicates that the level of heat production in a study involving quick T a changes in the thermoregulais related not only to T a (hence T s ), but also to the stage tory sacred lotus, Nelumbo nucifera (Seymour et al., of anthesis. 1998) . In this species, the oscillations are based on a marked lag in the biochemical regulatory mechanism, Respiratory rates and energetics whereby changes in heat production follow changes in Sterile male florets consume oxygen at a rate equivalent flower temperature by as much as 2 h (Seymour and to about 2/3, and fertile male florets about 1/3, of the Schultze-Motel, 1998). However, biochemical lag may entire spadix (Nagy et al., 1972) . Assuming that each not be the entire explanation for the oscillations during spadix had 33.5 g of sterile males and 44.7 g of fertile the plateau phase in P. selloum, because small oscillations males (Table 2) , and the mean V O 2 at the peak was sometimes occurred as the inflorescence was warming up 14.4 ml min−1 ( Table 1) , the estimate for mass-specific toward the main peak (Figs 1, 2) .
V O 2 becomes 15.5 ml g−1 h−1 for the sterile males. This The pictures of temperature regulation in the two is about 75% of the maximum V O 2 of 20 ml g−1 h−1 by phases differ markedly, not only in the level of T s mainisolated sterile male florets cut from the stalk and incubtained, but also in the relationship between T s and T a . ated at 40°C (Nagy et al., 1972; Seymour et al., 1983) . The precision of thermoregulation can be measured as The integrated temperature excess over the entire therthe slope of the regression line relating T s and T a , a slope mogenic episode was 12.8°Cd, similar to the figure of of 1 indicating no regulation and a slope approaching 0 10.6°Cd calculated by Seymour et al. (1983) . With conshowing perfect regulation. For the peak phase, the slope tinuous measurement of V O 2 it is possible to estimate the was 0.19 ( Fig. 3) , indicating extremely precise regulation entire energy expenditure by the inflorescences throughout and similar to the value of 0.18 of the initial study of P.
anthesis. The average inflorescence consumed 14.4 l of selloum (Nagy et al., 1972) . On the other hand, the slope oxygen and released 294 kJ of heat in total ( Table 1) . during the plateau phase was 0.516 (Fig. 4) , indicating If 33.5 g of sterile male florets ( Table 2 ) contained less precise regulation and a value similar to that in the 22.77 kJ g−1 (Seymour et al., 1983) , then just these florets arum lilies Symplocarpus foetidus (Seymour and Blaylock, held 763 kJ prior to anthesis. The entire spadix was likely unpublished data) and Dracunculus vulgaris (Seymour to hold over 3000 kJ of energy, so the heat generated was and Schultze-Motel, unpublished data).
less than 10% of the energy it contained. Nevertheless, it Temperature regulation in both phases involves an is apparent that some energy must have been imported inverse relationship between V O 2 and T a , but V O 2 in the into the florets during thermogenesis. If the sterile males plateau phase is considerably lower than in the peak phase (Figs 3, 4) . Inflorescences do not react to T a produced 196 kJ (=2/3 of 294), then their mass-specific energy release was 5.85 kJ g−1. This is similar to the value An hypothesis for the diphasic pattern that is consistent of 5.54 kJ g−1 calculated by Seymour et al. (1983) from with the behaviour of the beetles is that the peak phase values of V O 2 , thermal conductance and total integrated of thermogenesis is associated with enhanced odour protemperature excess. However, the decrease in energy duction to attract beetles and that the plateau phase content of the sterile male florets, as measured by bomb provides a warm, stable environment during their residcalorimetry, was 3.35 kJ g−1, only 57% of the estimated ence. Regulation of maximum T s may prevent thermal total (Seymour et al., 1983) . damage to the beetles or the inflorescence itself, while Regulation of heat production was also reflected in the regulation of plateau T s permits the beetles to carry out total amount of heat released during anthesis; inflorestheir activities (e.g. eating, digesting, mating, preparing cences produced more heat at lower T a ( Fig. 6 ). This for flight) at appropriate body temperatures within the suggests that the energy for thermogenesis was not limspathe. ited, at least at T a above 15°C, and the inflorescences did The evidence that supports this hypothesis indicates not simply exhaust their energy and then cool down. One that body temperatures above about 42°C are avoided wonders whether energy is ever limited in the natural by beetles in general, but temperatures between roughly environment where T a can drop below 10°C (Gottsberger 30°C and 40°C are often required for activity ( Heinrich, and Silberbauer-Gottsberger, 1991 ). 1981 , 1993 . For example, African scarabaeid dung beetles generally remain below 42°C and always below 46°C Role of thermogenesis in pollination (Bartholomew and Heinrich, 1978) , and Namib Desert tenebrionid beetles avoid the sand surface when summer Studies of pollination biology of P. selloum in Brazil by conditions cause body temperatures to rise much above Gottsberger and colleagues reveal a strong nexus bet-40°C (Henwood, 1975) . Body temperatures of scarabaeid ween thermogenesis and activities of the pollen-carrying beetles engaged in locomotion and competition for insects (Gottsberger and Amaral, 1984; resources are typically in the region of 34-42°C Silberbauer- Gottsberger, 1991) . They reported that the (Bartholomew and Casey, 1977 ; Bartholomew and sequence of flowering was 'amazingly precise in this Heinrich, 1978) . The thoracic temperatures required for species, and all individuals follow exactly the same flight in large scarabaeid beetles are in the range of rhythm'. According to their detailed observations, the 27-34°C (Chappell, 1984; Heinrich and McClain, 1986 ; only pollinators are large dynastine scarabaeid beetles, Morgan, 1987) . Temperatures for activity are not known Erioscelis emarginata. It is thought that the inflorescence for E. emarginata, but Gottsberger and Silberbaueris the only food source and the sole location for mating Gottsberger (1991) noted that the beetles were active of the beetles. They fly to the inflorescences, often in within warm inflorescences or flying between them, and great numbers, in the evening of day 2 (between 18:55 h that when ambient temperature dropped as low as 6°C and 19:10 h), when odour and heat production by the during the flowering season, the beetles were unable to fly. spadix are maximal and the female florets are receptive Beetles can reach activity temperatures by endogenous to pollination. Approximately 10-15 beetles can be heat production through contractions of thoracic muscles, accommodated in the floral chamber within the base of but it is energetically expensive. On the other hand, heat the spathe, but up to 200 sometimes crowd into the production by the inflorescence costs the beetles no inflorescence. Some remain in the inflorescence continuenergy, and therefore may be viewed as a direct energy ously for approximately 24 h, consuming secretions from reward. It is estimated that thermoregulation by the the female florets, eating pollen and parts of the sterile inflorescence would reduce the food requirement of beetles male florets, and copulating. Eventually the spathe starts to as little as 2.5% of that required if they had to maintain to close around them, forcing them to move toward the body temperatures themselves (Seymour and Schultzetip of the spadix and fly away. During this closing phase, Motel, 1997) . the spathe exudes a yellow resinous liquid that coats the It is interesting that the intensity and precision of beetles and promotes adhesion of pollen released in strings thermogenesis in P. selloum may be unusual among the from the male florets. Closing of the spathe corresponds genus Philodendron, and it may be matched to the thermal to cooling of the inflorescence.
requirements of Erioscelis emarginata. Gottsberger and The peak in thermogenesis (point 2) corresponds to Amaral (1984) reported that heat production in P. the brief period of beetle arrival, and the plateau phase bipinnatifidum was weak, it extended over 3 d, rather than (points 4-5) includes their residence almost perfectly. It 2 d, and it attracted different beetle genera. Weak and is significant that the plateau phase ends as the pollen is practically unregulated heat production also occurs in P. shed. This occurs about 3.5 h before other fresh infloresgrandifolium and P. imbe (RS Seymour and P Schultzecences reach their peak thermogenesis and female recepMotel, unpublished data). These are just four of the tivity. Such a close temporal relationship encourages 350-600 species of Philodendron (Grayum, 1990 ), a group pollen-covered insects to leave the old inflorescence and seek a fresh one.
that offers further opportunities to examine the thermal 
